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SAMPLING OF MALODOROUS COMPOUNDS IN AIR
USING STIR BAR SORBTIVE EXTRACTION
J. H. Loughrin,  N. Lovanh,  A. Quintanar,  R. Mahmood
ABSTRACT. Twisters, (poly)‐dimethylsiloxane‐coated magnetic stir bars, were used to measure compounds typical of swine
manure malodor in air. In initial experiments, a time to achieve equilibrium was determined by preloading the stir bars with
ten compounds with a range of volatilities and polarities and then monitoring their loss. The rate of loss was dependent on
compound volatility, and the time for equilibrium to be attained varied widely, from 22 min for phenol to 210 min for skatole.
To test whether the Twisters would respond linearly over a range of concentrations, the stir bars were placed in vented jars
with solutions of compounds containing 100 to 4,000 g each of five target malodorous compounds. Response was reasonably
linear, with average coefficients of variations of 40% and coefficients of determination over 0.80 except for phenol, the most
polar of the tested compounds. The Twisters were deployed on portable magnetic stir plates 0.5 and 1.5 m above the surface
of a wastewater lagoon serving as the primary waste receptacle of a 2,000‐head farrowing operation. Two to three times as
much of each compound was absorbed at 0.5 m than at 1.5 m. As the lagoon cooled, malodorous compounds accumulated
in the lagoon, and as a consequence, greater amounts of malodors were retained on the samplers despite the cooler
temperatures. These results indicate that Twisters can be used to sample malodorous compounds above air from swine waste
lagoons.
Keywords. Animal wastes, Cresol, Emissions, Lagoons, Malodor, Odor, Skatole, Stir bar sorbtive extraction.
alodorous volatile compounds from concen‐
trated animal feeding operations (CAFOs) are
a nuisance and could pose possible health haz‐
ards to humans and animals (Carlson et al.,
1972; Schiffman and Williams, 2005). Volatiles emitted from
CAFOs are complex mixtures of compounds, and there still
is considerable debate as to which compounds in these mix‐
tures are primarily responsible for malodor (Mackie et al.,
1998; Zahn et al., 2001; Ranau and Steinhart, 2005).
Although there is disagreement as to the compounds that
are most responsible for malodors, simple phenols and in‐
doles have been implicated by many researchers throughout
the years as being particularly characteristic of fresh manure
and manure containment structures (Spoelstra, 1980; Yasu‐
hara, 1980; Williams, 1984; Hobbs et al., 1995; Gralapp et
al., 2001; Schiffman et al., 2001). In addition to having fecal
odors, these compounds often have low thresholds for olfac‐
tory detection. For instance, Nagata (2003) determined the
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odor thresholds of skatole and indole at 5.6 × 10-6 and 3.0 ×
10-4 ppm/volume, respectively.
One of the most common means of measuring
concentrations of vapor phase odorants is by collection on
adsorbent tubes followed by thermal desorption and gas
chromatography. This may be done by either directly pulling
a sample of air through an adsorbent tube or by collecting air
samples in canisters or Tedlar bags followed by sorption of
the collected sample onto an adsorption tube or cryogenic
trap in the laboratory. Large volumes of air must often be
sampled, entailing the use of expensive and/or complicated
apparatus such as pumps and mass flow controllers. Even so,
the concentration of key malodorous compounds is often so
low as to elude quantification. For instance, using multi‐bed
sorption tubes comprised of Tenax TA and Carboxen 569,
Zahn et al. (1997) were unable to detect either indole or
skatole in air collected 100 m from a swine waste anaerobic
pit, while Rabaud et al. (2003) were unable to detect either
compound inside a dairy even though both compounds are
known constituents of bovine feces (Miller and Varel, 2001).
Even inside of a swine house that had been recently cleaned,
Schiffman et al. (2001) found concentrations of skatole and
indole of only 0.6 and 0.5 ng L-1, respectively.
Furthermore, there are a number of technical difficulties
associated with the use of adsorbent tubes or Tedlar bags to
sample malodors from CAFOs. Much of the difficulty
associated with the measurement of these compounds is due
to their relatively high polarity. Most adsorbents developed
for use in thermal desorption applications are non‐polar,
which reduces chromatographic problems associated with
the co‐collection of water vapor (Helmig and Vierling, 1995;
Harper, 2000) but may cause relatively low affinity for polar
volatiles. In addition to problems associated with the
desorption of water vapor onto a gas chromatograph, the
M
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adsorption of water by polar adsorbents can displace analytes
(Harper, 2000). Moreover, polar analytes are often strongly
adsorbed onto the surfaces of Tedlar bags. For example,
Keener et al. (2002) found that recovery of indole and skatole
from Tedlar bags averaged less than 12% each. Trabue et al.
(2006) found that after 24 h storage, recovery of p‐cresol and
p‐ethylphenol averaged only 10%, while indole and skatole
were not recovered.
Recently, Loughrin and Way (2006) described the
development of an equilibrium sampler for the measurement
of malodorous compounds in water. These samplers
consisted of submersible stir plates that used Gerstel Twister
stir bars to absorb volatile compounds, which were
subsequently analyzed on a gas chromatograph. With these
samplers, it was possible to track changes in the
concentrations of malodorous volatile compounds in a swine
waste lagoon for an extended period of time (Loughrin et al.,
2008).
A more urgent need, however, is the ability to accurately
and reliably track the concentrations of trace malodors in the
vapor phase. While the concentrations of simple phenols and
indoles in wastewater may be expected to remain relatively
constant over the short times needed for sampling these
compounds (Elsden et al., 1976; Loughrin et al., 2008),
changes in atmospheric conditions can presumably affect the
vapor phase concentrations of these analytes very rapidly.
The purpose of this investigation, therefore, was to
determine if Twister stir bar samplers could be used to
monitor trace levels of malodorous organic compounds in air
and, if so, if the amount of compound retained by the Twisters
would be proportional to the presumed concentration
gradients above a swine waste lagoon. If so, these samplers
could then be used to measure the relative flux of malodorous
compounds from the lagoon's surface.
MATERIAL AND METHODS
DETERMINATION OF MINIMUM EQUILIBRATION TIME
Ten compounds, chosen to provide a range of polarities
and boiling points (table 1), were dissolved in CH2Cl2. Two
L of this solution, containing 500 ng of each compound, was
spiked onto Twister stir bars (10 × 3.2 mm, PDMS phase
thickness 1 mm; Gerstel USA, Baltimore, Md.) that had been
placed into 2.0 mL glass autosampler vials equipped with
screw‐cap closures and Teflon‐lined caps. The vials were
closed and placed on stir plates at room temperature, and the
stir bars spun for 1 h at 300 rpm to allow adsorption of the
compounds. The Twisters were then removed from the vials
and placed in 56 mm diameter × 17 mm tall glass Petri plates.
The Petri plates were then either placed on top of a stir plate
and the Twisters spun at 300 rpm or onto a benchtop and the
compounds were desorbed from the Twisters at room
temperature for 15, 30, 60, 120, 180, 240, or 300 min. At the
end of each time period, compounds were desorbed from the
Twisters and analyzed as described below. The amount of
each compound remaining after each desorption period was
then expressed as percentages of that amount present at t = 0.
These experiments were replicated three times. Data were
analyzed by ANOVA using SAS (1996).
Table 1. Selected physical properties of compounds
used to determine sampler equilibration time.[a]
Compound log(kow)
Formula
Weight
Melting
Point (°C)
Boiling
Point (°C)
Benzyl alcohol 1.10 108 ‐15 205
Phenol 1.46 94 41 182
p‐cresol 2.02 108 45 194
Indole 2.14 117 53 254
p‐ethylphenol 2.58 122 45 218
Skatole 2.60 131 98 266
Borneol 2.69 154 208 [b] Sub [b],[c]
Fenchone 3.04 152 5 194 [b]
Bornyl acetate 3.86 196 29 221
Limonene 4.57 136 ‐95 176
[a] Data from National Library of Medicine (2007).
[b] Data from CRC (2000).
[c] Sub = sublimes.
LABORATORY EVALUATION OF SBSE
A standard solution containing 20 mg per mL each of
phenol, p‐cresol, p‐ethylphenol, indole, and skatole was
prepared in methanol. Different amounts of this solution
were placed in 200 mL deionized water over a 5 cm tall bed
of clean sand in a 1.8 L jar placed on the top of a magnetic
stir plate in order to give final amounts of each compound of
100, 200, 1000, 1500, 2000, 3000, or 4000 g. Three 50 mL
Erlenmeyer flasks containing a Twister stir bar were placed
in the jar. The lid of the jar had holes in it to allow for
ventilation.  Odor compounds were collected for 4 h and
analyzed as described below. This experiment was performed
twice to obtain mean values.
COLLECTION OF VOLATILE COMPOUNDS ABOVE LAGOON
SURFACE
Portable magnetic stir plates, previously described by
Loughrin et al. (2008), were positioned 0.5 and 1.5 m above
the lagoon surface by placing them in wire baskets attached
to a float constructed out of polyvinylchloride (PVC) pipe.
Pre‐conditioned Twisters were placed in the 56 mm diameter
Petri plates, and the float was pulled to a position near the
center of the lagoon for 4 h. After deployment, the Twisters
were retrieved and placed in 2 mL autosampler vials and kept
at 4°C until analyzed. During this same period, two stir plates
with stir bars were placed at 0.5 m above the ground
approximately  20 m from the southwest corner of the lagoon.
During Twister deployment, wastewater temperature as
well as wind speed and air temperature were recorded.
Lagoon surface temperature was recorded with a HOBO
Water Temp Pro V2 logger (Onset Computer Corp., Bourne,
Mass.), while humidity and air temperature were recorded
with HOBO relative humidity sensors mounted 0.5 and 1.5m
above the lagoon surface by means of a float constructed
from PVC pipe. Wind speeds at 0.5 and 1.5 m were recorded
by solar‐powered anemometers (APRS World, Winona,
Minn.) mounted on another PVC float on the lagoon surface.
All meteorological data were recorded every 5 min.
GAS CHROMATOGRAPHY‐MASS SPECTROSCOPY
Twister stir bars were desorbed in a Gerstel model TDSA
desorption unit interfaced to a Varian model 3800 gas
chromatograph (GC) and Varian Star mass spectrometer
(Varian Associates, Palo Alto, Cal.). After an initial time of
0.25 min and an initial temperature of 25°C, the thermal
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desorption unit was programmed to 225°C and held for
3min. Compounds were transferred at 240°C in splitless
mode to a cooled injector maintained at -55°C with liquid
CO2 and then transferred to a 30 m × 0.25 mm VF‐23MS
column with a film thickness of 0.25 m (Varian Associates)
using a 20:1 split by heating the injector at 10°C s-1 to 300°C,
a temperature that was held for 3 min.
The GC‐MS was operated as follows: column oven 30°C
for 1 min, then programmed at 4°C min-1 to 220°C, and then
at 20°C min-1 to 225°C and held for 2 min. The column flow
rate was held constant at 1.0 mL min-1 using high‐purity He
carrier gas, and after a delay of 5 min, the mass spectrometer
was operated in electron impact mode with a scan time of
0.45 s scan-1, an emission current of 10 A, and a mass range
of 45 to 225 amu.
Quantitation was accomplished by external standard
calibration.  Authentic samples of compounds (Sigma
Aldrich, St. Louis, Mo.) in 2 L MeOH were injected onto
4cm long silanized glass wool plugs in thermal desorption
tubes and analyzed as described above.
RESULTS AND DISCUSSION
SBSE EQUILIBRATION TIME
Chen and Pawliszyn (2004) studied the kinetics of
absorption and desorption for a BTEX mixture on PDMS
solid phase micro‐extraction (SPME) fibers. With the use of
deuterated toluene, they were able to demonstrate that the
absorption of analytes from solution onto the SPME fiber was
isotropic with its desorption back into solution, that is, the
kinetics of uptake and loss of analytes were “mirror images”
of one another. Since this simplified the experimental setup,
we determined equilibration times in this manner.
Compounds were lost from the adsorbent stir bars in an
exponential manner when stirred. As the condition for
judging when the samplers had reached equilibrium with the
environment,  we specified that more than 95% of the initial
spike of compound should have been lost. In order to estimate
the time needed to reach this value, we empirically fitted the
data to the equation y = ae-bx in Sigmaplot 9.0 (Systat
Software, Inc., San Jose, Cal.), where x is the time of
deployment (min), and y is the relative amount of compound
remaining on the sampler. The data fit this model well, with
coefficients of determination of 0.96 or above (table 2). The
estimated times of deployment necessary to obtain
equilibrium varied almost ten‐fold, ranging from 22 min for
phenol to about 210 min for skatole and bornyl acetate.
Stirring the Twisters greatly speeded the rate at which they
obtained equilibrium (fig. 1). Limonene, for instance,
obtained equilibrium in approximately 24 min when the
Twisters were stirred and in about 54 min when not. In the
case of skatole, equilibrium was not obtained even after
300min.
In a previous study on the use of SBSE for equilibrium
sampling of malodors in wastewater (Loughrin and Way,
2006), it was noted that the time necessary to reach
equilibrium with the environment was related to compound
polarity as measured by log(kow) values. For a volume of
sample deemed to be infinite in size, 3 h was adequate for
compounds with log(kow) values below 3.0, while longer
deployment times were needed for more non‐polar
compounds.
In this study, compound volatility, as measured by boiling
point, was important in determining the speed at which
equilibrium was reached (Pr > 0.0001, table 3), whereas
compound polarity was not significant (P = 0.471).
Interestingly, however, compound polarity was an important
factor in determining the amount of compound present at
equilibrium as measured by chromatographic peak area (Pr>
0.008, data not shown). Thus, polarity is important in
determining the capacity of the stir bars for a given
compound, but not the rate at which equilibrium is achieved.
As would be expected, therefore, the Twister's capacity for
a compound such as skatole (kow = 2.60) was much higher
than that for phenol (kow = 1.46).
LABORATORY EVALUATION OF SBSE
Correlation of the amount of compound present on the
Twister stir bar with its concentration in the vapor phase was
a desired goal of this research. This was complicated by both
the lack of an adequate means of determining a sufficient
volume for calibration and a suitable vessel to perform
calibrations in. Determination of an adequate calibration
volume for Twister equilibrium sampling of water samplers
in the previous study was based on the criterion that less than
5% of a compound should be lost upon re‐extraction of a
standard solution (Loughrin and Way, 2006). Compounds
dissolved in a volume of water large enough not to be
Table 2. Loss of spiked compounds from stirred Twister adsorbent bars (values are percentages of compound remaining).[a]
Compound
Time of Deployment (min)
r2 [b]
teq
(min)[c]0 15 30 60 120 180 240 300
Benzyl alcohol 100 35.8 23.3 12.3 3.2 3.0 2.4 1.7 0.9775 54
Phenol 100 12.3 4.2 1.9 1.4 1.7 1.9 1.4 0.9975 22
p‐cresol 100 36.6 17.5 5.7 3.0 3.3 3.5 2.3 0.9926 48
Indole 100 63.4 45.1 21.9 9.6 8.1 7.1 2.8 0.9826 120
p‐ethylphenol 100 60.5 42.0 19.9 10.4 9.4 9.9 4.4 0.9670 110
Skatole 100 73.6 59.0 35.9 17.8 14.3 11.9 4.3 0.9761 210
Borneol 100 55.4 37.3 20.0 6.7 3.7 2.4 1.6 0.9879 95
Fenchone 100 46.1 27.2 13.4 3.9 1.8 1.1 0.9 0.9900 68
Bornyl acetate 100 75.0 58.4 41.5 17.9 12.4 6.8 4.3 0.9900 210
Limonene 100 15.3 3.2 0.4 0.1 0.1 0.1 0.0 0.9999 24
[a] Data normalized to amount of compound present at time zero equal to 100. Data represent the average of three determinations.
[b] Coefficients of determination obtained from fitting the data to an exponential loss equation: y = ae‐bx, where y is the relative amount of compound
remaining on the sampler, and x is the time of deployment (min).
[c] Approximate time for sampler to lose 95% of the initial spike of compound.
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Figure 1. Loss of limonene and skatole from Twister stir bars with stirring and without stirring.
Table 3. Factors involved in the loss of spiked
compounds from Twister stir bars.
Factor F value Pr > F
Replicate 0.50 0.4814
Time 195.24 <0.0001
log(kow) 0.52 0.4710
Boiling point 23.23 <0.0001
Model 54.87 <0.0001
significantly depleted by the extraction procedure could then
be used for calibrating environmental samples.
This could not be done easily for air samples. Semi‐
volatile compounds partition, sometimes irreversibly, to
glass and plastic surfaces, even in containers that have been
specially passivated (Keener et al., 2002; Trabue et al.,
2006). For the purpose of calibrating our air samplers, it was
essential that all compounds were known to be in the vapor
phase. We could ascertain neither this nor an adequate
volume of air to be used for the calibration of environmental
samples.
In an attempt to determine how the equilibrium sampling
method correlated with the vapor phase concentrations of
malodors and to compare it with a more standard method, we
placed Twisters within a glass vessel containing 100 to
4,000g of each compound. Collections were of 4 h
duration.
The amount of compound sorbed by the Twister stir bars
was more or less linear over the range of compounds tested.
Coefficients of determination were over 0.8 for every
compound except phenol, and the average coefficient of
variation was less than 40% (table 4). As might be expected
from the non‐polar PDMS phase of the Twisters, as
compound polarity decreased (table 1), coefficients of
determination  tended to increase. However, sensitivity did
not appear to be very good, with consistently detectable
amounts of indole and skatole not retained by the Twisters
until there was 400 g of each component in the jars and
1,000 g of each component for phenol, p‐cresol and p‐
ethylphenol.
Previously, Kim et al. (2002) were able to obtain
coefficients of determinations of 0.99 or better for
compounds such as butyric acid and trimethyl amine. These
high r2 values were likely due to both the use of calibrated
standards and the relative polarity of the SPME fiber used
Table 4. Coefficients of determination (r2) and coefficients of variation
(CV) for headspace analyses performed with Twister stir bars.[a]
Compound r2 CV (%)[b]
Phenol 0.7102 12.8
p‐cresol 0.8430 80.1
p‐ethylphenol 0.8842 40.0
Indole 0.9286 14.8
Skatole 0.9148 47.1
[a] Coefficients of determination are least squares estimates obtained from
PROC CORR procedure in SAS. Experiments replicated six times.
[b] Average coefficient of variation for all compound levels.
compared to the PDMS‐only Twister phase. It is likely that
if a more polar Twister phase were developed, then the
response would be more linear and the sensitivity would be
greater for polar compounds. Equilibration times
undoubtedly would be increased, however.
DEPLOYMENT OF TWISTER STIR BARS ABOVE LAGOON
Twister stir bars were deployed in triplicate 0.5 and 1.5 m
above the surface of the swine waste lagoon and in duplicate
approximately  20 m from the southwest corner of the lagoon.
The amounts of compound sorbed by the stir bars deployed
at the weather station were treated as background values and
were subtracted from the lagoon samples since the prevailing
winds were generally from the southwest and therefore
upwind of both the swine housing and lagoon. Three
collections were performed in mid‐ to late October when air
and water temperatures were in low twenties and in mid‐
November through mid‐December when temperatures
ranged from 1.7°C to 7.5°C during the collection periods.
Table 5 presents the amounts of malodorous compounds
sorbed by the Twisters above the lagoon and average
environmental  conditions during air sampling. These
amounts of compound sorbed were low, necessitating forcing
the intercept through zero for calibration. Phenol, likely due
to its high polarity, and indole, likely due to its low levels in
the wastewater, were not reproducibly retained by the
Twisters and are therefore not included in these results. Still,
clear differences were seen between the two heights for three
malodorous compounds; p‐cresol, p‐ethylphenol, and skatole
all occurred in measurable amounts at both 0.5 and 1.5 m
above the lagoon surface. For all three compounds and both
sampling periods, greater amounts of malodors were sorbed
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Table 5. Environmental conditions and malodorous
compounds at the swine waste lagoon.
Oct. 2007 Nov.‐Dec. 2007
Environmental conditions
Water temp. 22.2°C 11.5°C
Air temp. 21.8°C 5.1°C
Wind speed 4.0 m s‐1 2.3 m s‐1
Malodorous compounds in water (μg L‐1)[a]
p‐cresol <5 12,100 ±741
p‐ethylphenol 128 ±35 898 ±125
Skatole 14.4 ±2.8 871 ±205
Malodorous compounds in air (ng per sampler)[a],[b]
0.5 m 1.5 m 0.5 m 1.5 m
p‐cresol 0.81 ±0.17 0.27 ±0.06 3.8 ±0.80 2.4 ±0.52
p‐ethylphenol 0.11 ±0.02 0.04 ±0.01 0.36 ±0.06 0.2 ±0.04
Skatole 0.11 ±0.03 0.03 ±0.01 0.31 ±0.06 0.28 ±0.07
[a] Data represent the mean of nine values ±standard error of the mean.
[b] Values for malodorous organic compounds above the lagoon surface are
minus average levels of malodorous compounds measured each day at
the weather station.
onto the Twisters at 0.5 m than at 1.5 m, indicating a gradient
of malodorous compounds above the lagoon surface.
Interestingly, malodorous compounds accumulated in the
lagoon rapidly during the month of November. For instance,
while p‐cresol concentrations in wastewater were below our
quantitation limit of 5 ng mL-1 during the October
collections,  they were over 15,000 ng mL-1 during the
November collections. This increase in the wastewater
concentrations of malodors is consistent with an increase that
occurred during the fall of 2006 (Loughrin et al., 2008). The
increase in the concentrations of malodorous compounds was
mirrored in the atmosphere above the lagoon, showing that
while wastewater and air temperatures were considerably
cooler, greater amounts of malodors were being emitted by
the lagoon.
As stated earlier, the time to attain equilibrium varied
greatly, ranging from 22 min for phenol to 210 min for skatole
and bornyl acetate (table 2). During the long period necessary
for deployment that would be necessary to achieve
equilibrium for all compounds important in lagoon malodor,
environmental  conditions, especially wind speed, would be
expected to be constantly changing. The results for p‐cresol
(teq = 48 min), therefore, are more likely to be truly reflective
of its concentration in the air than are those for skatole in that
one of the conditions necessary to achieve true equilibrium
sampling is that fluctuations in an analyte's concentration
must take longer than the response time of the sampler
(Mayer et al., 2003). Another potentially complicating factor
is that increasing temperature and humidity, by decreasing
partition coefficients and increasing equilibration time,
respectively, have been found to affect SPME sampling of
organic compounds in air (Namiesnik et al., 1998).
We found, however, that humidity and temperature at 0.5
and 1.5 m above the lagoon surface were virtually identical
(data not shown), making these factors unlikely to
differentially affect sampling at the two heights. Likewise,
while wind speeds averaged 15% to 20% higher at 1.5 than
at 0.5 m, this was unlikely to affect the adsorption process
differentially in that the single largest factor affecting
diffusion rates is the size of the sampler static boundary layer.
The boundary layer for SPME analyses shrinks with
increasing wind speed but is unaffected above 10 cm s-1
(Augusto et al., 2001). In that the boundary layer of the
Twisters was already affected by stirring, we feel it unlikely
that the modest differences in wind speeds at 0.5 and 1.5 m
were likely to differentially affect compound partitioning.
We therefore feel that, given that the concentration of
compounds on the stir bars at the two heights will be
proportional to their average concentrations and wind
speeds, this method should allow for calculation of relative
emission from the lagoon surface after suitable correction for
variation in wind speeds.
SPME has also been used to sample malodors from
CAFOs. Wright et al. (2005), for instance, used a carboxen‐
PDMS SPME fiber to sample and prioritize volatile
pollutants from cattle feed yards and swine housing. They
found that p‐cresol dominated odor profiles from CAFOs,
especially with greater distance from the facilities. Our
results were similar in that p‐cresol was the most dominant
malodor quantified. Given that the amounts of malodors
sorbed onto the stir bars declined so markedly from 0.5 to
1.5m, it seems that the relative importance of p‐cresol in
malodor plumes should increase with distance from the
lagoon as more compounds become diluted below their
olfactory detection limits.
CONCLUSION
Twister stir bars may be used to measure relative emission
from wastewater lagoons as affected by seasonal changes and
variations in weather conditions. However, the sensitivity of
the Twisters for measuring polar compounds typical of
animal waste malodors is limited by the non‐polar nature of
the PDMS phase, although this does speed the rate at which
equilibrium with the environment is achieved. Further
research using this technique, along with appropriate
measurement of environmental factors at the site of emission,
could afford greater insight into the factors controlling the
release of malodorous compounds.
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